Olive mill solid waste (OMSW) is a pollutant waste coming from olive oil elaboration by the two-phase centrifugation system. OMSW has a high organic matter content and unbalanced carbon to nitrogen (C/N) ratio, 31/1, which avoids obtaining high methane yields in the anaerobic digestion of this waste. In the present study a microalgae, Dunaliella salina, was employed as co-substrate for the OMSW anaerobic digestion in order to decrease the C/N ratio and increase its biodegradability. Different co-digestion mixtures (C/N ratios) were studied. The increase of D. salina from 25% to 50% in the co-digestion mixture clearly increased the biodegradability of the sole substrates. The highest biodegradability was found for the co-digestion mixture 50% OMSW-50% D.
biochemical methane potential (BMP) tests. The influence of the percentage of each cosubstrate on the kinetics of the anaerobic process and ultimate methane yield were also evaluated.
MATERIALS AND METHODS

Two-phase olive mill solid waste
The two-phase OMSW used in the experiments was collected from the Experimental Olive Oil Mill Factory located in the 'Instituto de la Grasa (CSIC)', Seville (Spain). Some of the characteristics of the OMSW used in the experiments are detailed in Table 1 . Before to be used, the OMSW was sieved through a 2 mm mesh for removing olive stone pieces.
Dunaliella salina
Dunaliella salina was provided as a lyophilised by Huelva University, Huelva (Spain). The main characteristics of the D. salina used are shown in Table 1 .
Anaerobic sludge
The anaerobic sludge used as inoculum in the BMP tests was obtained from an industrial upflow anaerobic sludge blanket (UASB) reactor treating brewery wastewater in Sevilla (Spain). This inoculum was selected due to its high methanogenic activity The biochemical methane potential (BMP) tests were carried out in a multi-batch reactor system; effective volume of reactors was 250 mL. They were continuously agitated by magnetic bars at 500 rpm and placed in a thermostatic water bath at mesophilic temperature (35±2 ºC).
The inoculum to substrate ratio was 2 (VS basis). For each reactor containing 239 mL of inoculum, the amount of substrate needed to give the required inoculum to substrate ratio was added together with 239 µL of trace element solution. The reactors were sealed and the headspace of each flask was flushed with nitrogen at the beginning of the assay. The produced biogas was passed through 3N NaOH solution to capture CO 2 ; the remaining gas was assumed to be methane. The anaerobic digestion experiments were run for a period of c.a. 25 days until the accumulated gas production remained essentially unchanged, i.e. on the last day production was lower than 2% of the accumulated methane produced. Each experiment was carried out in duplicate.
Analytical methods
All analyses were performed according to the Standard Methods of APHA (APHA, 1998). The following parameters were measured: total chemical oxygen demand (COD), soluble chemical oxygen demand (SCOD), total solids (TS), volatile solids (VS), total alkalinity (TA), pH, Total Kjeldahl Nitrogen (TKN) and elemental C and N.
TS and VS were determined according to the standard methods 2540B and 2540E
(APHA, 1998), respectively; COD was determined by the method described by Raposo et al. (2008) , while SCOD was determined using the closed digestion and the colorimetric standard method 5220D (APHA, 1998). pH was analysed using a pH-meter model Crison 20 Basic. TA was determined by pH titration to 4.3 (APHA, 1998). TKN was determined using a method based on the 4500-N org B of Standard Methods (APHA, 1998). C and N were determined through an Elemental Analyser LECO CHNS-932 (Leco Corporation, St Joseph, MI, EEUU). Table 2 .
RESULTS AND DISCUSSION
Influence of co-digestion on biochemical methane potential
Experimental BMP values were higher than the calculated methane yield from eq. 1 in each of the co-digestion mixture tested ( Table 2 ). 28% for co-digestion mixture 75 % OMSW-25 % D. salina, 48% for co-digestion mixture 50 % OMSW-50 % D. salina and 3% for co-digestion mixture 25 % OMSW-75 % D. salina. According to the increase of BMP values, the biodegradability of the co-digestion mixtures were as well much higher than the biodegradability of the sole substrates ( Table 2 ). The biomethane potential of the OMSW was found very low, as only 56.9% of the available COD is converted to methane. The biomethane potential of the D. salina was found very low as well, 25% of the available COD was converted to methane ( Table 2 It has been also reported the anaerobic co-digestion of cattle excreta and OMSW (Goberna et al., 2010) . The mesophilic co-digestion at a 3:1 ratio rendered 1096 mL biogas/(L sludge d), value 33% higher than that of excreta alone. The methane yield resulting from the co-digestion was 179 mL CH 4 /g VS added, of which 42% was attributed to OMSW (Goberna et al., 2010) . This methane yield value was considerably lower than those obtained in the present work for the co-digestion mixtures 75% OMSW-25% D. salina (330 mL CH 4 /g VS added) and 50% OMSW-50% D. salina (285 mL CH 4 /g VS added).
Influence of co-digestion on process kinetics
Kinetic models of methane production
Two different periods were clearly differentiated in the evolution of methane 
First-order exponential model
The first-order exponential model is given by the equation 2:
where: B 1 (mL CH 4 /g VS added ) is the cumulative specific methane production, B max (mL
is the ultimate methane production, k is the specific rate constant or apparent kinetic constant (days -1 ) and t (days) is the time.
This model was applied for the first experimental stage of methane production or exponential step (first 5 days of digestion) for digestion of 100% OMSW and for co- (Table 3 ). The increase of OMSW to the co-digestion mixture resulted in lower k values but higher B max than the co-digestion mixture 25% OMSW-75% D. salina (Table 3 ). The increase in the C/N ratio improved the total methane production, however, had a negative effect on the initial degradation rate. This negative effect might be attributed to an increasing concentration of complex compounds in the co-digestion mixture coming from the OMSW (Rincón et al., 2007).
Sigmoidal or logistic model
For the second stage of methane production, i.e. between the 5 th and last day of the operating period: 24-25 th day, the following logistic model (eq. 
where: B 2 is the cumulative methane production during the second stage (mL CH 4 /g VS added ), B 0 is the cumulative methane production at the start-up of the second stage (mL CH 4 /g VS added ) and should approximately coincide with the value of B max obtained at the end of the first stage, P is the maximum methane production obtained in the second stage (mL CH 4 /g VS added ), R m is the maximum methane production rate (mL
CH 4 /(g VS added · d)) and λ is the lag time (days).
The logistic model assumes the rate of methane production to be proportional to microbial activity (Altas, 2009 ). The logistic model fairly fits the methane production during the second stage (5-25 days): an initial lag period followed by an exponential increase and a final stabilization at a maximal production level ( Figure 2 , Table 4 ).
This model has been previously used for estimating the methane production in Table 4 ).
The estimated lag period for 100% OMSW was 9.9 days (Table 4 ). This observation indicates that, although the increase of D. salina over 50% promotes inhibition to the microbial community, an adequate addition would definitely increase the methane production.
The value of R m for the mixture 75% OMSW-25% D. salina was 60% and 155%
higher than those obtained for the mixtures 50% OMSW-50% D. salina and 25%
OMSW-75% D. salina respectively. To be specific it was observed a decrease in the days. The co-digestion mixture 75% OMSW-25% D. salina was the fastest and the one that produces the highest amount of biomethane among all the co-digestion mixtures tested.
Influence of co-digestion on the olive mill sustainability
The use of D. salina, together with OMSW (75% OMSW-25% D. salina) allows obtaining higher methane yields from OMSW than using OMSW alone. The energy obtained in the digestion process could be used to keep the mesophilic operating temperature (35 ºC) of the anaerobic reactor and even in the own olive oil elaboration.
Moreover, the effluents obtained in the anaerobic digester might be used as fertilizer in olive trees fields and as nutrient source for new microalgae cultivation. All this improves the whole sustainability of the olive oil elaboration system by means of close loops. Furthermore, the use of a saline microalga as D. salina would allow the use of sea water or salted concentrated industrial streams, e.g. olive brine, as growth media, decreasing the need of fresh water.
CONCLUSIONS
Anaerobic co-digestion of OMSW and D. salina with a mixture of 75%-25% respectively, keeping a C/N ratio of 26.7, increased the methane yield and the methane production rate compared to anaerobic digestion of 100% OMSW, 100% D. salina and other co-digestion mixture percentages. Nevertheless, anaerobic co-digestion of 50% OMSW-50% D. salina had a higher synergic effect than the other co-digestion mixtures studied. Although the 50% codigestion mixture increased biodegradability of OMSW and D. salina, the 75% OMSW-25%
D. salina co-digestion mixture would allow operating with smaller anaerobic digesters or lower retention times and with a still high biodegradability of OMSW. 27. Yuan, X., Wang, M., Park, C., Sahu, A.K., Ergas, S.J., 2012. Microalgae growth using high-strength wastewater followed by anaerobic co-digestion. Water Environ.
Resear. 84, 396-404. B 0 is the cumulative methane production at the start-up of the second stage (mL CH 4 /g VS added ), P is the maximum methane production obtained in the second stage (mL CH 4 /g VS added ), R m is the maximum methane production rate (mL CH 4 /g VS added ·d) and λ is the lag time (days). R 2 : coefficient of determination; S.E.E.: Standard Error of Estimate. 
